In this paper, we report on molecular dynamics (MD) 
Introduction
Carbon nanotubes have recently attracted a lot of attention because of their excellent mechanical and electrical properties. Carbon nanotubes can be used to design nanoscale sensors, actuators, devices and systems ͑collectively referred to as Nanoelectromechanical Systems ͑NEMS͒͒. NEMS applications that have recently been demonstrated include the random access memory ͓1͔, nanotweezers ͓2͔ and electrostatic switches ͓3͔. Even though NEMS can be designed using a number of materials, carbon nanotube based NEMS are attractive as, for example, carbon nanotube based electrostatic switches have the potential to offer extremely high resonant frequencies in the gigahertz range because of their high stiffness. Electrostatic switches can be designed by suspending single wall nanotubes over a ground electrode. When a potential difference is created between the nanotube and the ground electrode, the nanotube deflects and when the potential is large enough, the tube makes a contact with the ground electrode. In addition to the elastic and the electrostatic forces, for a small gap between the nanotube and the ground electrode, it is important to account for van der Waals forces to fully understand the behavior of the switch. In this paper, we investigate the static and dynamic behavior of electrostatic switches by developing molecular dynamics, continuum and hybrid molecular dynamics/continuum approaches.
Molecular dynamics simulations accounting for electrostatic and van der Waals forces can be used to understand the static and dynamic behavior of electrostatic switches. Electrostatic interactions, which are typically implemented by a Coulomb potential, require O(n 2 ) operations, where n is the number of atoms in the system. Although, alternative techniques such as fast multipole methods ͓4͔ or Particle Mesh Ewald ͑PME͒ ͓5͔ techniques, which scale as O(nlogn), can be used to compute the electrostatic interactions, it can still be quite involved. Similarly, computation of van der Waals interaction by a direct summation of the LennardJones potential requires O(n 2 ) operations, which can again be quite involved. In this paper, we employ a continuum treatment of electrostatic and van der Waals forces to make molecular dynamics simulations more tractable. To fully understand the mechanical behavior of the switches, we have employed linear and nonlinear beam theories combined with electrostatic and van der Waals forces and compared the results with molecular dynamics simulations. The material properties required in the beam theories are obtained from molecular dynamics simulations. While the linear beam theory deviated from MD simulations, the nonlinear beam theory showed a good agreement with MD simulations, except for large applied voltages, where a nanotube buckling has been observed. To overcome the buckling problem, we have developed a combined MD/continuum approach where MD is used in regions where the nanotube buckling has been observed and the rest of the nanotube has been modeled with the continuum theory. The accuracy of the continuum and the hybrid MD/continuum approaches has been compared with results from full MD simulations for fixed-fixed and cantilever switches-specifically, we investigate the static and the dynamic pull-in behavior, the pull-in time and fundamental frequency of various switches.
The rest of the paper is organized as follows: in section 2, we discuss the theory and continuum modeling of nanoelectromechanical switches. In section 3, molecular dynamics simulation of carbon nanotubes is presented. In section 4, the combined continuum/MD technique is presented with details. In section 5, the parameterized continuum model and the combined continuum/MD technique are used for electromechanical analysis of single wall nanotube switches. Finally, conclusions are presented in section 6.
2 Theory of Nanoelectromechanical Systems 2.1 Pull-In Phenomena. Shown in Fig. 1 is the physical operation of a carbon nanotube based cantilever switch. The key components are a movable structure, which can be a single wall or a multiwall carbon nanotube, and a fixed ground plane, which is modeled by a graphite bulk. When a potential difference is created between the movable structure and the ground plane, electrostatic charges are induced on both the movable structure and the ground plane. The electrostatic charges give rise to electrostatic forces, which deflect the movable tube. In addition to electrostatic forces, depending on the gap between the movable tube and the ground plane, van der Waals forces also act on the tube altering the deflection of the movable tube. The direction of the electrostatic and van der Waals forces is shown in Fig. 1 . Counteracting the electrostatic and van der Waals forces are elastic forces, which try to restore the tube to its original position. For an applied voltage, an equilibrium position of the tube is defined by the balance of the elastic, electrostatic and the van der Waals forces. As the tube deflects, the electrostatic, van der Waals and the elastic forces change, so a self-consistent analysis is necessary to compute the equilibrium position of the tube.
When the applied potential difference between the tube and the ground plane exceeds a certain potential, the tube becomes unstable and collapses onto the ground plane. The potential which causes the tube to collapse onto the ground plane is defined as the pull-in voltage or the collapse voltage. When the pull-in voltage is applied, the tube comes in contact with the ground plane, and the device is said to be in the ON state. When the potential is released and the tube and the ground plane are separated, the device is said to be in the OFF state.
NEMS Modeling.
The simulation of NEM switches involves the modeling of three coupled energy domains: elastostatic, electrostatic, and van der Waals energy domains. These energy domains have been modeled previously using continuum theories ͓6͔. As a complete description of the continuum modeling has already been presented in ͓6͔, we provide very few details on the derivation of the formulas and put emphasis on the differences between the previous model and the model used in this study.
van der Waals
Interactions. The van der Waals energy describing the interaction of a nanotube with a ground plane has been modeled by the well known Lennard-Jones potential ͓7͔. The Lennard-Jones potential between two atoms i and j is given by
where r i j is the distance between atoms i and j, C 6 and C 12 are the attractive and repulsive van der Waals constants, respectively, characterizing the interactions between the two atoms. For example, for a carbon-carbon interaction the value of C 6 is 15.2 eV•Å 6 and the value of C 12 is 2.42 keV•Å 12 ͓8͔. Since the initial gap between the nanotube and the ground plane can be as small as 1 nm, the attractive and the repulsive part of the Lennard-Jones potential will need to be modeled. The modeling of the repulsive component, not present in ͓6͔, has been added in this study.
As shown in Fig. 2 , the infinite ground plane will be modeled by N ͑we choose Nϭ40 in our study͒ graphene sheets and a graphite bulk beyond the Nth graphene sheet. Such a representation to model the ground plane is justified because the integration of a graphene sheet with the SWNT accounts for the atomic structure of the original system and produces a result very close to the double summation of the Lennard-Jones potential ͓6͔. If the ground plane is located far away from the nanotube, the atomistic detail is not important and the graphite sheets can be modeled as a graphite bulk. The repulsive term is not significant when the ground plane is modeled as a graphite bulk as the repulsion term is negligible at large distances.
By differentiating Eq. ͑1͒ with respect to r and by integrating over the ground plane, the expression for the force on an atom on the SWNT due to its interaction with a graphene sheet can be obtained
where r a is the distance between the atom on the nanotube and the graphene sheet and Ӎ38 nm Ϫ2 is the graphene surface density. The expression for the force on an atom on the SWNT due to its interaction with a graphite bulk is given by
where ϭ1.14ϫ10 29 m Ϫ3 is the graphite volume density. The expression for the force on an atom that will be used in the molecular dynamics simulation will be the summation of the two components from Eq. ͑2͒ and Eq. ͑3͒, i.e.,
where r init is the distance between the atom and the top graphene sheet, N is the number of graphene sheets, and dϭ3.35 Å is the interlayer distance of graphite. By integrating Eq. ͑2͒ over the ring of the nanotube, we can retrieve a force per unit length of the tube characterizing the van der Waals interaction of a nanotube ring with the graphene sheets, i.e.,
where R is the radius of the nanotube. By integrating Eq. ͑3͒ over the ring of the nanotube, the force per unit length of the tube characterizing the van der Waals interaction between a tube and the graphite bulk is obtained as
The expression for the van der Waals force per unit length that will be used in the continuum simulation is given by q vdW ϭq bulk ϩq graphene (7) where q graphene and q bulk are obtained from Eq. ͑5͒ and Eq. ͑6͒, respectively.
Electrostatic Interactions.
The electrostatic forces are computed by using the classical capacitance model ͓9͔. More sophisticated models, such as the one presented in ͓10͔, can be used to capture higher order effects that are neglected in the classical model. As shown in ͓6͔, the capacitance per unit length for the cylindrical beam over a conductive ground plane is given by
where 0 is the permittivity of vacuum. The electrostatic force per unit length, q elec , is then given by
where V is the applied voltage.
Governing Equation for
Continuum Modeling of NEM Switches. In our previous studies ͓͑6,11͔͒, the mechanical behavior of the nanotube is approximated by a linear beam equation, i.e.,
where w is the transverse deflection of the tube, is the material density, A is the cross-sectional area, E is the Young's modulus, I is the moment of inertia, c is the coefficient of damping term, and q is the force per unit length. In this paper, the deformation of a SWNT is modeled by a nonlinear beam equation ͓12͔, i.e.,
where L is the beam length, and q tot is the perpendicular component of the load (q elec ϩq vdW ). The expressions for q vdW and q elec are given in Eq. ͑7͒ and Eq. ͑9͒, respectively. Equation ͑11͒ implies that two parameters need to be extracted from molecular dynamics simulations, one that characterizes the bending ͑product EI) and one that characterizes the stretching ͑product AE). The governing integral-partial-differential equation is nonlinear, which means that an analytical solution may not be possible for many cases of interest. Equation ͑11͒ is solved by using a centraldifference scheme for the time derivatives and a finite cloud method for space discretization ͓13͔.
Molecular Dynamics Simulation
Molecular dynamics simulations have been used extensively for the simulation of nanodevices ͓14,15͔. Since molecular dynamics simulations are expensive, they are not attractive for design or design optimization. However, molecular dynamics simulations can play an important role in the extraction of material properties and in the validation of continuum theories.
3.1 Implementation. In molecular dynamics, the positions of the atoms are computed in a classical way by using the Newton's law of motion. The motion of an atom in the system is defined by
where z i is the position of atom i, F i is the force applied on atom i, and M i is the mass of atom i. For an N-body problem, the forces arise due to the interactions between the atoms forming the tube. These interactions are mainly bonded interactions and are modeled with a Brenner potential ͓16͔. The Brenner potential, with a parameterization for graphite, has been widely used for the simulation of carbon nanotubes. Since we are primarily concerned with SWNTs in this paper, the nonbonded interactions ͑namely, the van der Waals interactions͒ within the tube are neglected in this study. The non-bonded interactions within the nanotube become important for multiwall nanotubes because of the interwall interactions. Equation ͑12͒ is integrated in time by using a 5th order predictorcorrector algorithm ͓17͔. The molecular dynamics simulations are initialized at a temperature of 1K and the total simulation time is in the range of 100 ps with a timestep of 1 fs. The van der Waals forces describing the interaction of an atom with a ground plane have been implemented by using the continuum formulation ͑cf. Eq. ͑4͒͒. The electrostatic forces have been implemented in molecular dynamics by using the continuum formulation where the nanotube is considered as an assembly of rings and the forces are distributed uniformly on the ring ͑cf. Eq. ͑9͒͒. The calculation of electrostatics forces can be improved by using a 3D electrostatic solver. The continuum approach to treating electrostatic and van der Waals forces in molecular dynamics has a significant advantage in terms of computation time since the electrostatic and van der Waals force have O(n 2 ) complexity ͑n representing the number of atoms͒ and the modeling of these forces in a continuum manner significantly reduces the computation time.
Test Case.
In order to check the accuracy of the molecular dynamics code, the phonon spectra of a ͑10,10͒ tube has been compared with the results obtained from the parameterized force-field based simulation of nanotubes. The phonon spectrum has been obtained in molecular dynamics by calculating the Fourier transformation of the velocity autocorrelation function. The velocity autocorrelation function is given by
where v i (0) and v i (t) are the velocities of the atom i at the initial time and at time t, respectively. The brackets indicate an averaging within the atoms of the system ͑index i͒. As the name sug-gests, the autocorrelation function determines how the system at a given time is correlated with the initial state. The result obtained from molecular dynamics is in very good agreement with the published results ͓18͔. One characteristic series of peaks in the phonon spectra shown in Fig. 3 is the tangential stretch G-band modes of the tube appearing around 1610 cm Ϫ1 in MD ͑cf. Fig. 3͒ and predicted around 1580 cm Ϫ1 in a previous study ͓18͔. The agreement is within 2 percent.
Parameterization of the Material Properties.
To make use of the continuum mechanical model discussed in section 2.3 we need to extract two parameters from MD. The two parameters characterize the bending behavior and the stretching behavior of the tube. The first parameter is the product EI. This parameter has been obtained by applying a small uniform load to a fixed-fixed tube ͑the load needs to be small enough so that the tube deformation is in the linear regime͒ ͓11͔. The product EI has been obtained by applying a uniform vertical load of 0.0157 N/m and matching the deflection in MD with the deflection predicted by the beam equation. The second parameter is the product AE. This parameter is obtained by doing a tensile test on the tube ͑the force should again be small enough so that we are still in the linear regime͒. The product AE has been obtained by applying a horizontal load of 40 nN at one end of the tube and matching the elongation in MD with the elongation predicted by the continuum theory. The test configurations are shown in Fig. 4 .
The products EI and AE have been estimated to be 22.5 ϫ10 Ϫ26 Pa•m 4 and 1.08ϫ10 Ϫ6 Pa•m 2 , respectively. From continuum theory, the fundamental frequency of a fixed-fixed beam is given by ͓19͔
where ␤ϭ4.7301 for a fixed-fixed nanotube, L is the length of the nanotube, and m is the mass per unit length of the nanotube. For a ͑10,10͒ nanotube, mϭ3.24ϫ10 Ϫ15 kg/m. In the test case discussed above, by applying a small perturbation to the uniform load of 0.0157 N/m, the fundamental frequency is retrieved to be 69.5 GHz. This result is close to 69.2 GHz, which is the frequency obtained from Eq. ͑14͒.
Combined ContinuumÕMD Technique
In this section, a multiscale method that combines the nonlinear beam theory with the molecular dynamics method is presented. The coupling of atomistic and continuum approaches has been accomplished by using a Schwartz technique ͓20͔ with overlapped subdomains. This coupling approach solves a fully atomistic problem in regions with buckling but uses a continuum theory to effectively integrate out the degrees of freedom in the rest of the regions of the material where deformation gradients are small. The molecular dynamics region involves a few hundred atoms and represents a small part of the computational complexity of the simulation.
In the Schwartz method with overlapped subdomains, Dirichlet type boundary conditions ͑e.g., displacement, bending angle etc.͒ are employed along interfaces as shown in Fig. 5 . The coupling of atomistic and continuum regions is accomplished as summarized below:
Algorithm 1: Overlapped Schwartz Method for Coupling MD and Continuum Regions.
Begin: nϭ0, initialize the displacement and bending angle on ⌫ 1
Repeat: nϭnϩ1 Solve the nonlinear beam equation in ⍀ 1 with boundary conditions ͑deflection, bending angle͒ on ⌫ 1 Update the displacements on ⌫ 2 Run MD simulation in ⍀ 2 with displacements on ⌫ 2 as boundary conditions
Update the displacement and bending angle on ⌫ 1 until convergence. From MD simulation, we can obtain the x and y-displacements of each atom. But we cannot directly apply the displacements as boundary conditions for the continuum sub-domain as we use a one-dimensional theory for the continuum model. We transform the displacements along x and y-directions to the vertical displacement w and the bending angle by the approximations wϭu y and
where u x (i) is the x-displacement of atom or particle i, u y (i) is the y-displacement of atom or particle i, and N is the total number of particles on the interface. Here we assume that the MD particles which form the interface lie on a plane when the tube de- forms and the plane is perpendicular to the tube centerline. The transformed vertical displacement w and bending angle are the boundary conditions for the continuum sub-domains. To couple the continuum sub-domain to the MD region, the vertical displacement w and bending angle on the interface are used to compute the displacements along x-and y-directions and these are used as boundary conditions for the MD sub-domains.
Results

Static Pull-In Voltage Analysis.
The pull-in voltage of a ͑10,10͒ fixed-fixed carbon nanotube of radius 0.68 nm and length 20.7 nm has been computed by using continuum theory and molecular dynamics. As shown in Fig. 6 , for an initial gap of 1 nm, the tube deflects by about 0.1 nm without any applied voltage. This deflection is due to the van der Waals forces which become significant for the tube geometry and the gap considered. The gap is defined as the distance between the lower end of the nanotube and the ground plane. One can notice that the gap at contact is not 0 nm but about 0.34 nm. This distance corresponds to the van der Waals contact distance between the atoms.
The peak deflection of the tube obtained with the continuum theory is in good agreement with results obtained from molecular dynamics. The agreement establishes the accuracy of the continuum theory for simulation of NEM switches. Also shown in Fig. 6 is a comparison between linear and nonlinear theory for an initial gap of 1 nm. While the nonlinear theory is in good agreement with molecular dynamics simulations, the linear theory deviates from the nonlinear theory for an applied voltage larger than 1.5 V. The pull-in voltage obtained with linear theory is within 10 percent error of the pull-in voltage obtained with nonlinear theory.
The pull-in study has been extended by varying the gap between the nanotube and the ground plane from 1 nm to 2 nm ͑cf. Fig. 7͒ and 3 nm ͑cf. Fig. 8͒ . The result for the 2 nm gap shows that the linear theory starts to deviate significantly from the nonlinear theory. The agreement between nonlinear theory and MD simulation is again good. The results for an initial gap of 3 nm show that the linear theory can be significantly inaccurate as the gap increases. It can be noticed that for a 3 nm gap, there is a small deviation between nonlinear theory and MD close to the pull-in point. This deviation is due to the buckling of the nanotube as it approaches closer to the ground plane. The buckling phenomena cannot be captured by the beam theory. The combined continuum/MD technique, discussed in section 4, is used to make up for this limitation in the beam theory. Figure 9 compares the deformed positions obtained from the combined continuum/MD technique and the fully atomistic approach. The buckling which occurs at the two ends of the nanotube is captured by the MD simulation. In the middle of the nanotube, the nonlinear beam theory is used to greatly save the computational cost. Figure 10 shows the agreement of the static pull-in between coupled continuum/MD method and fully molecular dynamics approach.
A continuum analysis of a ͑10,10͒ cantilever carbon nanotube ͑of the same length and radius͒, with a gap of 3 nm over the ground plane, shows that both linear and nonlinear theory give the same pull-in voltage ͑Fig. 11͒. These results illustrate that nonlinear theories are more important for fixed-fixed switches compared to cantilever switches. Nonlinear theories can, however, become more important even for cantilever switches at large gaps.
The van der Waals forces can be dominant in certain cases and negligible in certain other cases. The significance of van der Waals forces depends on the gap between the nanotube and the ground plane and on the geometry of the nanotube. For a 1 nm gap between a fixed-fixed nanotube and the ground plane, the static pull-in voltage changes significantly if van der Waals interactions are neglected ͑As shown in Fig. 12 the pull-in voltage has almost doubled from 1.89 V to 3.90 V if van der Waals forces are neglected͒. For a 2 nm and a 3 nm gap between the fixed-fixed nanotube and the ground plane, the van der Waals forces are not significant as the pull-in occurs at a gap where the van der Waals forces are not significant. The influence of van der Waals forces also depends on the geometry of the system. For example, a cantilever geometry is more sensitive to the van der Waals force compared to a fixed-fixed geometry ͓6͔. The van der Waals forces can be important even at a 3 nm gap for a cantilever nanotube ͑this can be observed in Fig. 11 where there is a small deflection of the nanotube when there is no applied voltage͒, whereas the influence of the van der Waals force is negligible for a fixed-fixed nanotube with the same initial gap.
Dynamic Pull-In Voltage Analysis.
The inertia or the time-dependent term in Eq. ͑11͒ has been neglected in static pull-in voltage analysis and is taken into account to compute the dynamic pull-in voltage. When the nanotube deflects, the inertia of the nanotube will cause the nanotube to go beyond the static equilibrium position. Thus the dynamic pull-in voltage is smaller than the static pull-in voltage as the nanotube reaches the critical pull-in gap sooner than in static analysis. The dynamic study has been done using the nonlinear beam theory.
For a 1 nm gap between a fixed-fixed nanotube and the ground plane, the dynamic pull-in voltage is 1.64 V, which is about 15 percent lower than the static pull-in voltage. For a 2 nm gap, the dynamic pull-in voltage is 9.0 V, which is about 13 percent lower that the static pull-in voltage. For a 3 nm gap, the dynamic pull-in voltage is 17.8 V, which is about 8 percent lower than the static pull-in voltage. Van der Waals forces also play an important role in determing the dynamic pull-in voltage. For a 1 nm gap between the nanotube and the ground plane, the dynamic pull-in voltage changes significantly from 1.64 V ͑with van der Waals forces͒ to 3.53 V ͑without van der Waals forces͒. For a 2 nm gap between the nanotube and the ground plane, there is a shift of 0.5 V in the dynamic pull-in voltage because of van der Waals forces. For a 3 nm gap between the nanotube and the ground plane, the dynamic pull-in voltage is not modified by the presence of van der Waals forces. Thus, the dynamic pull-in voltage is influenced by van der Waals forces if the gap between the nanotube and the ground plane is below 2 nm for the fixed-fixed geometry considered here.
Pull-In Time Analysis.
The pull-in time is the time required for the nanotube to go from the initial position to contact. The pull-in time analysis is performed for the ͑10,10͒ fixed-fixed SWNT with a radius of 0.68 nm, length of 20.7 nm, and a gap of 1 nm. The pull-in time has been computed by applying a voltage significantly bigger than the dynamic pull-in voltage because the pull-in time is extremely sensitive with the applied voltage in the vicinity of the pull-in voltage. The applied voltage is 1.97 V, which is 20 percent higher than the dynamic pull-in voltage.
The pull-in time computed with linear, nonlinear and molecular dynamics is shown in Fig. 13 . The small difference in the pull-in time between linear and nonlinear theory is due to the small difference in the dynamic pull-in voltage between the linear and nonlinear theory. The pull-in time for the fixed-fixed SWNT considered here is of the order of ten picoseconds. Such small pull-in times can produce faster switching speeds and switching frequencies in the order of hundreds of GHz.
Fundamental Frequency Analysis.
The fundamental frequency of a carbon nanotube has been determined by first applying a voltage and then introducing a damping for 20 ps. The damping has been removed after 20 ps and the frequency is measured. The fundamental frequency in molecular dynamics is obtained by applying a small perturbation to the equilibrium position. As explained in ͓21͔, the electrostatic force acts as a negative spring. As the electrostatic forces increase with the applied voltage, the stiffness of the beam is expected to decrease. The van der Waals forces have the same effect as the electrostatic forces because the forces increase with deflection. Figure 14 presents a frequency analysis for a nanotube that is 1 nm above the ground plane using the linear, nonlinear theory and molecular dynamics. It can be noticed that without any applied voltage one would expect the fundamental frequency to be 69.5 GHz ͑see the discussion in section 3.3͒. However, because of the van der Waals forces, the fundamental frequency dropped from 69.5 GHz to 56 GHz. The frequency obtained is still several tens of gigahertz. This demonstrates the significance of NEM devices since the frequency of MEMS devices is typically a few tenths of MHz. From Fig. 14 , we also observe that the fundamental frequency decreases with the applied voltage. The result from nonlinear theory matches well with the MD results while the linear theory deviates from MD results for large applied voltages. The frequencies from molecular dynamics have an errorbar of about 2 GHz. The error is due to the noise in MD. Frequencies are hard to obtain close to the pull-in point as even a small perturbation to the equilibrium will induce the pull-in phenomena.
Shown in Fig. 15 is the frequency dependence on the applied voltage for a 3 nm gap. Observe that the result obtained from linear theory is significantly different compared with the results obtained with nonlinear theory and molecular dynamics. Both molecular dynamics and the nonlinear theory predict a decrease in the frequency with the applied voltage at first, but then predict an increase in the frequency with the voltage, until the pull-in voltage has been reached. This behavior can be explained by the competition between two physical phenomena. The first is the softening of the beam with the applied voltage because of electrostatic and van der Waals forces. The second is the increase in the stiffness of the nanotube with deflection because of the nonlinear effects. As nonlinear effects can be neglected for small deformations of the beam, the softening is dominant at first, but with the increase in deflection, the beam starts to become stiffer which induces a stiffening of the beam and this increases the fundamental frequency.
The van der Waals forces also influence the fundamental frequency. For a 3 nm gap between the fixed-fixed nanotube and the Transactions of the ASME ground plane, the frequency plot shown in Fig. 15 did not change when van der Waals forces are included. However, the fundamental frequency for a 1 nm gap, shown in Fig. 16 , is significantly different when van der Waals forces are included.
Conclusion
We have presented MD, linear and nonlinear beam theory based continuum, and combined MD/continuum analysis of single wall carbon nanotube based nanoelectromechanical switches. Parameterized nonlinear beam models have been found to be in good agreement with MD results-except, when buckling of the nanotube is observed. The switch behavior is modeled by a combined MD/continuum approach when the nanotube buckles because of an applied voltage. Even though the devices are very small, the inertia of the device is found to have to an effect-e.g., the dynamic pull-in voltage of the device is found to be smaller than the static pull-in voltage. van der Waals forces have been found to play an important role depending on the device geometry and the gap between the nanotube and the ground plane-e.g., we have observed that the van der Waals forces can have a significant effect on the static and the dynamic pull-in voltage and fundamental frequency of a fixed-fixed nanotube with a gap of 1 nm. Pull-in time analysis indicated that the devices can switch very quickly ͑typically in tens of pisoseconds͒ and the switching frequencies can range from several tens to hundreds of GHz. 
